This study evaluated the effect of the thermal and high electric field stresses on the secondary structure conformation of peanut protein using Fourier transform infrared spectroscopy. The amide I region between the wavelengths 1700-1600 cm -1 of the spectra were studied for different thermal and high electric field treatments. Within thermal treatments, both hot air roasting and microwave processing treatments were evaluated. Hot air treatments were performed at temperatures of 50, 75, and 100°C from 15, 30, and 45 min while the microwave treatments were conducted at the same temperatures, but for 5, 10, 15, and 20 min. Three experimental conditions were evaluated for the electric field intensity of 10, 15, and 20 kV for 60, 120, and 180 min. Changes were observed at 1654-1650 cm -1
INTRODUCTION
Peanuts are considered as energy-dense foods and are consumed all over the world. They are also a rich source of proteins and fiber. [1] [2] [3] [4] [5] However, with the turn of the century, the peanut allergy has become one of the most important health concern in various developed countries primarily due to globalization and gene-related factors. [6, 7] Apart from the peanut; wheat, tree nuts, fish, egg, soy, and shell fish account for most of the food allergies encountered around the world. [8, 9] Allergic reactions have also been observed with consumption of few fruits and vegetables like apple, [10] [11] [12] cherry, [13] [14] [15] and celery. [16] [17] [18] Currently, about 2-8% of the infants and children in North America suffer from some type of food allergies, this is on an alarming rise and has to be addressed quickly. [19] [20] [21] For the food industries, it is important from a food safety perspective, to keep the allergy causing components at bay from the processing chain. Novel products and substitutes have to be developed which cater the needs of the allergen sensitive population; the thrust, therefore, should be toward commercialization of new and safe products.
Many physio-chemical properties of food are governed by their protein structure. Recent studies have provided a vital insight in to understanding the effects of specific changes in the protein secondary structures and their effect on the functional and chemical properties. [22] [23] [24] [25] [26] [27] [28] [29] Though various analytical and modelling methods have been used to study changes in the protein structures, use of Fourier transform infrared spectroscopy (FTIR) is widely adopted and accepted in the scientific community. [30] The repeating units in the protein normally give rise to nine characteristic IR absorption bands which are called A, B, and I-VII. The most important for studying the protein backbone among the above mentioned bands are I and II vibrational bands. [31] [32] [33] [34] Among the two, the amide band I is the most sensitive, ranging between the wavelengths of 1700 to 1600 cm -1 that accounts for about 80% of the peptide linkages, i.e., C=O stretch. Thus, the frequency of the amide I region is highly associated with the secondary structures of the protein. [31, 35] The amide II band deals primarily with the NH bending and CN stretching vibrations and is less sensitive when compared to the amide I region. Depending on the force fields, hydrogen bonds and the other vibrational bands are very complex to evaluate. They are used rarely in the protein conformation studies. [36, 37] Koppelman et al. [38] studied the effects of thermal processing on the secondary, tertiary and quaternary structures of Ara h 1 (Arachis hypogaea-Ara h) which is a major peanut allergen. This study revealed that processing purified Ara h 1 between temperatures of 80 and 90°C resulted in irreversible changes within the secondary structures. But, it was also shown that the thermal processing method did not have any effect on the IgE binding capacity and thus, the allergenicity of the compound was similar to that of the native Ara h 1 allergen. Though considerable deviations were observed in the structural conformation, the allergic character of the Ara h 1 appears to be very stable. Digestion studies were performed on Ara h 1 by Maleki et al. [39] which showed that the surface accessible hydrophobic amino acid residues are very stable and protected, thus remain unaffected by the processing.
Along with thermal processing evaluation, effect of high electric field on the protein structure has also been evaluated in this article. The use of this novel technology is on rise due to its inherent advantages over conventional processing techniques. Hence, it is necessary to understand how these novel processing techniques affect the protein secondary structures. [30] To help us understand the impact of processing on peanut protein, this study uses FTIR to understand the changes in the secondary structure of the overall protein followed by an in vitro protein digestibility (IVPD) study to understand the structure and functional relation of various thermal and high electric field processing.
MATERIALS AND METHODS
Peanuts (Valencia variety) were bought from Kernal Peanuts, Ontario, which had an initial moisture content of 9.3% on a wet basis. The moisture was determined by drying the peanut powder in an oven at 105°C for 24 h, after which the weight became constant. Fresh peanut flour was prepared to facilitate the processing before subjecting it to thermal and high electric field treatments.
Solvents and Reagents
All reagents and solvents used were of high-performance liquid chromatography (HPLC) grade from Fisher Scientific (Ottawa, ON, Canada). The enzymes employed for the IVPD % determination were purchased from Sigma Aldrich (Oakville, ON, Canada).
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Oven Roasting
For oven roasting, the peanut flour was evenly spread on aluminum dishes, and they were placed in the oven which was pre-set to the processing temperatures of 50, 75, and 100°C. The roasting was done for 15, 30, and 45 min in the oven. After cooling to room temperature, the samples were stored at 4°C until further analysis was conducted. [38, 40] All the experiments were conducted in triplicate.
Microwave Heating
The peanut flour was placed in glass beakers and exposed to microwaves at a power density of 2 W/g for 5, 10, 15, and 20 min in a conventional microwave oven. The samples were processed at temperatures of 50, 75, and 100°C similar to the oven roasted samples. The temperature was maintained within the range of 2°C above or below the set values. The processed samples were then taken out and were cooled to room temperature. These were stored at 4°C in air-tight containers for further analysis.
Electric Field Treatment
The apparatus used consists of two parallel electrodes that are connected to a General Electric Ignition Transformer and a Superior Electric Co. Powerstat adjustable transformer. The required electric fields of 10, 15, and 20 kV between the two parallel electrodes was adjusted using the powerstat transformer which modulated the input AC voltage. A solid copper wire with a diameter of 0.05 cm was used as the top electrode and a copper plate was used as the ground electrode. A sample of about 5 g was placed in between the electrodes using specially designed sample box to hold it in place. These samples were exposed to the electric field strengths of 10, 15, and 20 kV for 60, 120, and 180 min. The distance between the electrodes (wire-to-plate configuration) was fixed to one centimeter. The wire electrode was placed about 0.8 cm from the surface of the sample. The samples were subjected to the electric field before they were analyzed further.
FTIR Spectroscopy
All the FTIR spectral analysis of the peanut samples was conducted using the Nicolet iS5 attenuated total reflectance (ATR)-FTIR spectrometer. The processed samples were kept on the diamond crystal and were secured tightly with a clamp for the IR analysis. For all the samples (thermal and high electric field), 32 spectra at 4 cm -1 resolution were averaged to give the final spectrogram. The spectra of an empty ATR diamond acted as the background reference. The spectra was analyzed using OMNIC software (version 8, Thermo Nicolet Instrument Corp., Madison, WI, USA) and OriginPro (Version 9, OriginLab Corporation, Northampton, MA, USA). The spectra of treated sample was compared to the spectra of untreated sample (as shown in Fig. 1 ) highlighting the amide I region used in analysis.
IVPD (Multi-Enzyme Method)
The IVPD of the peanut protein was evaluated using the three-enzyme method. [41] [42] [43] A multienzyme mixture was prepared, containing 1.6 mg/mL trypsin, 3.6 mg/mL chymotrypsin, and 1.3 mg/mL peptidase and its pH was adjusted to 8.0. This mixture was placed in an ice bath and continuously stirred. A working protein suspension was prepared by dissolving samples to yield about 312.5 mg of protein in 50 mL of distilled water whose pH was also adjusted to 8.0. The pH EFFECTS OF HEAT AND ELECTRIC FIELDS ON PEANUT PROTEIN adjustments were done using 0.1N NaOH and 0.1N HCl. Five milliliters of the multi-enzyme solution was added to the samples which was maintained at 37°C in a water bath for digestion with continuous stirring. The pH was measured after about 10 min of digestion and the IVPD was calculated using the Eq. (1). [41] IVPD% ¼ 210:
Statistical Analysis
The analyses of variance (ANOVA) of the samples were performed using JMP software (ver. 11, SAS Institute Inc., Cary, NC, USA). The fitness of each model for the full factorial design was carried out using Tukey HSD method at 95% confidence (p ≤ 0.05) level. The data is tabulated in accordance with Kalkan et al. [44] Experimental Design
Specific notations have been used in this manuscript to indicate the various processing methods. These notations have been tabulated below in Tables 1a, 1b , and 1c and the same format has been followed throughout the script. (Example: 50-15 represents processing of the sample at 50°C for 15 min).
RESULTS AND DISCUSSIONS FTIR Analysis of Conformational Changes in Peanut Protein
FTIR spectroscopy was used to study the effects of thermal and high electric field processing on the peanut protein conformation. In this study, only the amide I region of the peanut protein is investigated which is one of the most sensitive and most useful for the interpretation of the secondary structures of the protein. [31] Figure 1 presents the FTIR spectra obtained for the raw and microwave processed peanut samples between the regions of 4000 to 500 cm -1 . 
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The amide I band lies between the wavelengths of 1700-1600 cm -1 and it includes component overlapping bands of various secondary structures including α-helices, β-sheets, turns, and randomly coiled conformations. [31, 45] This is mainly related to the C=O stretching vibrations coupled with the in-plane NH bending. This region also influences the hydrogen bond patterns and thus primarily determines the backbone secondary structure of the protein. [31, 46] Previous researchers have obtained the correlations between the amide I frequency and the secondary structures as shown in Table 2 .
The normalized spectra of hot air, microwave, and electric field processed samples of peanut protein amide I region, respectively (supplement materials). Distinct peaks were observed in the regions of 1633-1640 cm -1 (β-sheets), 1645-1647 cm -1 (random coils), 1652-1657 cm -1 (α helix), 1660 cm -1 (α helix), 1664-1667 cm -1 (turns), 1682-1696 cm -1 (anti parallel β-sheets). The bands at 1608 cm -1 have been excluded from our study to improve the clarity of the results as their absorbance band typically starts at 1595 cm -1 which falls outside the amide I region. The relocations of the structure at this band increased as the samples were processed for a longer time or at higher temperature. The data analysis showed that the maximum relocation in the secondary structure conformation at different wavelengths was observed in the samples that were subjected to longer processing time.
In order to understand the effects of various processing methods on the protein secondary structure conformation, a curve fitting procedure was applied using OriginPro (Version 9, Origin Lab Corporation, Northampton, MA, USA). The software was used to minimize the sum of squares of the differences between various experimental spectra and the calculated spectra created by the summation of the component curves. The second derivative spectra was created by the software, which was used in identification of the component bands which give the results in terms of the peak areas at corresponding wave lengths. Both the normalization and the curve fitting for finding the specific peaks were done separately for each of the processing methods. Figure 2 shows the changes in the peak areas as the processing time increases form 15 to 30 min and then to 45 min at three different temperatures. Figure 3 shows the peak areas for microwave processed samples at 50, 75, and 100°C for 5, 10, 15, and 20 min of processing. Figure 4 shows the peak areas for high voltage electric field processing at 10, 15, and 20 kV for processing times of 60, 120, and 180 min.
From the data presented in Fig. 2 , it is observed that for almost all of the experiments the β sheets and the α-helix are major secondary structures accounting for about 50-55% of the total secondary structure. The turns and the 3/10 helices together account for about another 30% which have overlapping wavelenghts between 1662-1672 cm -1 (as shown in Table 2 ).
It was observed that as the processing time incresed from 15 to 45 min, there was a relocation in the α-helix structures with an exception of 50-30, where there was a slight rise in the area of the peaks assigned to α-helices. This reduction resulted in a growth of random coil secondary structures, which were absent initially in the 50-15 and 50-30 processing, but appeared later as both the temperature and the time of processing increased. There was also a slight relocation in the anti-parallel β sheets (not shown in Fig. 2 ), which suggests that there was formation of protein aggregates with increasing temperature. Similar results were observed in wheat gliadin protein when processed at increasing temperatures. [46, 47] The data corresponding to the microwave processing of nuts in Fig. 3 also showed that the major secondary structures in the peanut protein are β-sheets and α-helix accounting to approximately 55%. But unlike with hot air roasting, microwave roasted peanut proteins showed no particular trend in the areas of α-helix peaks. When processing time was increased from 5 to 20 min at 50°C, there was an increase in the α-helix from about 16.24 to 23.1% which is similar to that of the hot air roasting between 15 and 30 min at 50°C, which showed a rise in the α-helix from 21.41 to 24.43%. On processing peanuts at 100°C, there was again a relocation in α-helix peaks resulting in their peak areas falling from 22.83 to 19.86%. In ) of high electric field processed peanuts. Fig. 3 , it was observed that microwave processing also resulted in an increase in random coils within the protein secondary structure similar to hot air roasting. This result was first observed in 50-20 samples, but with an increase in the processing time and temperature, there was a gradual rise observed in the random coils from 0.42 to 2.39% for samples processed at 75°C and from 0.34 to 7.03% for samples processed at 100°C in a microwave. This increase can be attributed to the relocations in the β-sheet and 3/10 helix secondary structures.
EFFECTS OF HEAT AND ELECTRIC FIELDS ON PEANUT PROTEIN
In the high voltage electric processing, a corona wind is generated by passing high voltage through a very thin electrode. This corona wind bombards charged particles onto the food material resulting in changes in their secondary structure. [30, 48] This corona wind resulted in formation of random coils in the protein similar to microwave and hot air processing of peanut protein. In the case of α-helix, there is no particular trend in the case of 10 kV, but for 15 and 20 kV processing, it was observed that there is a slight decrease in the peak areas. A similar trend was also observed for turns and 3/10 helix at 10, 15, and 20 KV as shown in Figure 4 . The results indicate that electric field processing effects the turns and 3/10 helix compared to β-sheet and α-helix. But, further work has to be done to verify this observation. The authors predict that if samples are treated at higher voltage (>20kV) the effect will be more profound.
Effect of Processing on the Protein Digestibility
The effect of various processing methods on peanut protein digestibility has been summarized in Tables 3, 4 , and 5. The digestibility of the raw peanut protein (unprocessed peanut protein) was found to be around 81.22 ± 0.23%, which is significantly lower for all of the processed peanut protein samples. Similar values were reported by Bodwell et al., [42] on their analysis using the three enzyme method. In the case of hot air roasting of peanuts (Table 3) , the protein digestibility incresed significantly with an increase in treatment temperature. With a rise in treatment time, a significant increase was observed in the digestibility from 15 to 30 min, but not from 30 to 45 min. When the combination of the parameters was considered, there was a significant rise in the protein digestibility as processing time increased from 15 to 45 min at 50°C. But no significant growth was observed as the processing time increased from 15 to 45 min in the case of 75 and 100°C treatments. Also it can be observed that the digestibility values were similar when peanuts were processed at 50-45 and 75-15. Irrespective of the processing time, the digestibility did not show a significant improvement when processed at 100°C. Common letters types indicate the lack of a significant difference (p > 0.05) based on ANOVA and Tukey's HSD; The "mean" represent the mean data independent of the other parmeter.
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The IVPD% of the microwave roasted peanuts is summarized in Table 4 . Results were similar (in terms of the values) to that of the hot air roasted peanuts. There was an effect of time and temperature on the digestibilty. In combination, significant difference was observed in the case of 50°C with an increase in processing time. For the peanut samples that were processed at 75 and 100°C, a significant difference was only observed between the 5 and 20 min processing. The other levels showed no significant difference. In the case of the protein digestibility of samples treated with high electric field, there was a significant increase in the digestibility with temperature and time. There was also a significant difference observed in digestibility with increasing processing time at 10, 15, and 20 kV voltages (Table 5) .
Thus, increasing digestibility clearly suggests that there are structural rearrangements taking place within the protein conformation leading to change in their functional properties. [49] Similar studies have been conducted to understand the structure and digestibility relation in dry beans (Phaseolus vulgaris), green peas (Pisum sativum), [23] sorghum (Sorghum bicolor), maize (Zea mays), [49, 50] and rice. [51] Duodu et al. [50] reported that an increase in antiparallel and intermolecular β-sheets resulting from reorganization of the α-helical structures could have revealed the binding sites for the enzymes to act on. But the same study also revealed that secondary structure changes can be less relevant compared to the invaginated structure of the protein body.
The protein digestibility has been directly related to the allergenicity and the solubility of the proteins. [52, 53] Thus an increase in the protein digestibility should directly reduce the allergenicity. But, in the case of peanuts various studies have shown that their allergenicity The "mean" represent the mean data independent of the other parmeter. Common letters types indicate the lack of a significant difference (p > 0.05) based on ANOVA and Tukey's HSD; The "mean" represent the mean data independent of the other parmeter.
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increases with an increase in roasting time and temperature. [21, 39, 54] In their studies, Davis et al. [55, 56] and Beyer et al. [54] reported that treating proteins over the temperature of 80°C results in loss of secondary and tertiary structures and the formation of random coils with fully unfolded configuration. In the present study, FTIR analysis also supported the above observations. With an increase in the treatment time in all the experimental cases (hot air roasting, microwave, and high electric field treatments) there was an increase in the percentage of random coils and turns as more stable structures like 3/10 helices and α-helices have opened up and relocated themselves. The random coils observed at 1645 cm -1 increased from 0-7.69% of area for hot air treatments 50-15 to 100-45. For microwave treatments, this was between 0-7.03% for treatments 50-5 to 100-20, and for high electric field processing it rose from 0% at 10-60 to 4.56% at 20-180. The increasing random coil structures in the protein conformation may have opened up new binding sites, resulting in an increased allergenicity of the protein as reported in various other studies. [39, 54, 57] Furthermore, it has to be noted that secondary structure changes can increase the protein digestibility, but it also can result in increased allergenicity as observed in the case of the peanut. Further analysis of the proteins and their secondary structure changes using innovative technologies, like molecular modeling- [30, 58] and proteomics, [59] can foster the understanding of the structure-function relationship of proteins in food.
CONCLUSION
The study conducted on the peanut protein clearly showed that tested external processing factors which included hot air roasting, microwave roasting, and high electric field processing can influence the conformational secondary structure. The Gaussian analysis of the FTIR spectra and the IVPD% have been conducted on the processed protein which conformed the changes within the protein structures as predicted by previous studies. It can also be observed that the high electric field processing at 20 kV has similar conformational changes as of thermal processing methods like hot air roasting and microwave processing. This study also reiterates the importance of processing methods and processing parameters influencing the nutritional factors present in food. Further studies need to be conducted at higher electric field intensities of 50-70 kV which are commonly used in various food processing techniques like pulse electric field processing to better evaluate their impact on proteins.
